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Abstract
Combinationbetweensinteringprocessand automationsystemhasprovento be a
manufacturingprocessthatcanproducemechanicalpartswithhighgeometricomplexity.
Howeveronthedevelopmentof variousmaterials,varyingmaterialin oneparthasnotbeen
studiedbymanyresearchers.In additiontheuniformityofstrengthandshrinkageaspectsare
problemsthathavenotbeenperfectlysolved.Basedon thesereasons,researchof binding
mechanismandtheshrinkagepredictionof particleson sinteringprocessare importantly
conducted.
In thisresearch,bindingmechanismswereobservedin isothermalsintering.Materialswere
usedpolypropylene,polyethyleneand silica, while the occurringshrinkageprediction used
polypropylenematerial.The imagesof in situ sinteringprocess were observedby optical
microscopecamera with magnitudeof 100x.Based on these imagesdata, the equivalent
diametercanbedeterminedwithprojectionareamethodandthen,theshrinkagepredictioncan
becalculated.
Theresultsshowthatthemechanismofsinteringofpolypropyleneandpolyethyleneis solid
statesintering.Duringsintering,theexpansionof dimensionofpolyethyleneparticle is greater
than that of polypropylene.In sinteringprocessbetweenpolyethyleneand silica, the lower
meltingtemperatureparticle (polyethylene)is as the driving bindingamongsilica particles
From shrinkageprediction,thefinal stageof polyethylenesinteringat temperatureof 11if C
andholdingtimeof 780s yieldsshrinkageof20.47%.
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1.Introduction
From a technologicalviewpoint,dimen-
sionalcontrolis one of the mostimportant
practicalproblemsin liquidphasesintering.The
occurringshrinkagepredictionduringsintering
is importantso that the final dimensionof
product can be controlled.Modelling of
sinteringprocessis a methodto solve this
problem.Shimosaka et al (2003) madea
modellingfor2 typematerial.In theirresearch,
theypresentedthatthesinteringbehaviourof 2
type materialwas not only influencedby
solutionpropertyof both materialsbut also by
sinteringconditions.
The existingof solid solutionis in grain
boundaryareawith transportmechanismwhich
consistsof surfacediffusion,volumediffusion,grain
boundarydiffusion,evaporation-condensation,and
grain growth.Maximenkoand Olevsky (2004)
proposeda constantparameterwhichwascalledan
effectivecoefficientdiffusionthatwasaimedtoease
in modellingof sintering.This constantwas a
combinationbetweengrainboundarydiffusionand
volumediffusion.With usingthis coefficient,the
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modellingof sinteringcan be solvedin 2
dimensions.
In sinteringprocess,predictionof shrinkage
phenomenoncanbeeasilydonebyexperiment.
Hambir and Jog (2000) presentedthat a
specimen,whichwasresultedby low density
greenpart,wouldrevealaspecimenwithhigher
shrinkagethana specimenwhichwasresulted
by higherdensity.This matterwasusedas a
baseresearchof Garino et al (1995)who
conductedresearch about shrinkageun-
uniformityin multi materialsintering.With
sinteringof 2 piecesgreen-parts,which had
differentdensity,shrinkageun-uniformitycan
berevealed.Theirexperimentalresults howed
thattheoccurringshrinkagewasdeterminedby
thelayerdimensionofeachgreen-part.
In this paper,with using an optical
microscope,bindingmechanismin liquidphase
sinteringbetweenpolyethyleneandPVC particle
wasperiodicallyobserved.Theseimagesdata
wereusedto calculatetheoccurringshrinkage
duringsinteringwithprojectionareamethod.
2.Fundamental
Based on -2intering mechanism,the
sintermgprocessis classifiedinto3 typesof
sintering,namely:vapourphasesintering,solid
statesinteringandliquidphasesintering.The
transportmechanismof vapourphasesintering
is drivenby evaporation-condensationpr cess,
while solid statesinteringand liquid phase
sinteringare diffusion and viscous flow
respectively.
Solidstatesintering(SSS)
Based on shrinkagephenomenon,the
sinteringprocessis a changinggeometric
intervalin whichthe-.peredimensiondecreases.
Accordingto its definition,sinteringprocess
consistsof threestages,namelyinitialstage,
intermediatestageandfinal stage.Duringthe
initialstage,pointcontactof particlesusually
increasesandtherelativedensityincreasesfrom
60to 65percent(Barsoum,1997).In thepoint
contact,cohesivenecksgrowin atomicsolid
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stateconditionundermeltingpointtemperatureand
inbondingmicrostructurescale(German,1994).
Intermediatestageis signedby continuingof
joining particlesto shapethe continuouspore
channels,therelativedensityincreasesfrom65to90
percentand pore startsloosingfrom cylindrical
channels.Whilein thefinalstage,continuouspore
channelsloose and changeto individualpore
(Barsoum,1997).Thestagesof sinteringprocessare
presentedinFigure1below:
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Figure1.a)initialstageof sinteringprocessthatpresents
apointcontact ofaccompanyparticles,b)the
finalof initialstagethatsignedbyobtainingof
neckgrowth,c) intermediatestageinwhichthe
particlecontact continued and obtained
continuousporechannels,d) final stage,pore
wasobtainedon contactangleof accompany
particle(Barsoum,1997)
The simplemodellingof bindingmechanism
betweenthesametypesof twoparticlesis presented
inFigure2below:
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Figure2.Modellingbindingmechanismof twoparticles
whichhavethesamedimensionsin sintering
process
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In theendof intermediatestagepossibly
occursthe particlegrowth,thereforewould
revealtheparticleswithhigherdimensionbutin
thelessnumber.In thefinalstagetheparticle
growthwithdensificationprocesslowlyoccurs.
Bindingmechanismof thisparticle(Figure
2) is drivenby transportmechanismwhichis
categorizedinto two types,namelysurface
transportand bulk transport.The surface
transportconsistsof surfacediffusionand
evaporation-condensation,while the bulk
transportconsistsof volumediffusion,grain
boundarydiffusion,plasticflow and viscous
flow.Surfacetransportyieldstheneckgrowth
withoutshrinkage.
Thedrivingforceof sinteringprocessis a
formof surfacenergyin whichthemagnitude
perunit volumeincreaseswith decreasingof
particlediameter.Duringthesinteringprocess,
masstransportoccursfromparticletotheneck.
Accordingto thebalancinglaw,masstransport
aimsto decreasethesurfaceenergyof particle
whichis runby increasingof particlesurface
area,suchthat,duringthesinteringprocess,
surfacenergydecreases.
Liquid phasesintering(LPS)
In LPS system,theliquidmayprovidefor
rapidtransportandthereforerapidsinteringif
certaincriteriaaremet(Lenel,1980).Theliquid
mustforma film surroundingthesolidphase.
Thus,wettingisthefirstrequirement.Secondly,
the liquidmusthavesolubilityfor the solid.
Finally, the diffusivetransportfor the solid
atomsdissolvedin the liquidshouldbe high
enoughto ensurerapidsintering(Huppmann,
1975). In the liquid phase sintering,the
densificationrateis muchfasterthanin solid
statesintering,andtimesasshortas 15minat
themaximumtemperaturecanbesuccessfulin
producingfulldensity(German,1996).
On liquid phase sintering,shrinkage
gradientsin a compactsinteredpowder
traditionallyattributedto gradientin green
density.Reducedshrinkageduringsinteringat
thebottomof thecompactsis attributedto the
frictionbetweenthe compactsand the substrate
material(Gurland,1962).
Densificationandshapedistortionduringliquid
phasesinteringdependonthedrivingforceandthe
resistanceto viscousdeformation(German,1996).
Liu et al (1999)presentedthatthecapillaryforce
wasusedthe drivingforcesof densificationand
surfacetensionand gravitationalwere usedthe
drivingforceofshapedistortion
Equivalentdiameter
Practically,particle powders have shape
variations.For irregularshapepowders,calculations
of their volumecommonlyuse an equivalent
volume,while it is calculatedby usingequivalent
diameter.Oneof themethods,whichcanbeusedto
determineanequivalentdiameter,is projectedarea
method.If theparticleis assumedin ballgeometry,
the equivalentdiametercan be calculatedwith
Equation1.
(1)
So that the equivalentvolumeof particle is
calculatedwith:
4
V=-trD3
3 (2)
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Figure3.Projectedimageofanirregularparticle.
3.Methodology
Propertiesofpolypropyleneandpolyethylene
Thisresearchusedpolypropylene,polyethylene
and silica sand as sinteringmaterials.These
PolypropyleneandpolyethylenearemadebyPT.Tri
PolytaIndonesia.Theirpropertiesarepresentedin
Table1.
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Table1.Propertiesofpolypropyleneandpolyethylene
*) www.azom.com
Obsenrationof binding mechanismand
shrinkageprediction
Observationsof binding mechanisms
consistof singlematerialandmultimaterial.In
singlematerial,sinteringprocessis conducted
between polypropyleneand polypropylene
particles;whileinmultimaterialthesinteringis
carried out between polypropyleneand
polyethylene,andsilicasandwithpolyethylene
particles.The nominaldiameterof particleis
around 2 mm. Observationof binding
mechanismis conductedon isothermal
condition.The set-upof this experimentis
presentedinFigure4.
-
Figure4. Set-upofbindingmechanismobservation
ofmultimaterialsintering
Shrinkagepredictionwasconductedwith
using the imagedata from observationsof
bindingmechanisms.Theseimagedatawere
usedto calculatethe equivalentdiameterof
theseparticlesduringsintering. Then, the
prediction of particles volume can be
determined.Thisexperimentusedpolyethylene
particlewhichhadparticlesizeof 2001lm.
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4.ResultandDiscussion
Binding mechanismof singlematerial
Bindingmechanismofsinglematerialusedpolypropylene
materialsandthe sinteringprocesswas conductedat
105°C.Thebindingmechanismsduringsinteringbetween
twopolypropyleneparticlesarepresentedinFigure5:
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Figure5.Bindingmechanismbetweenpolypropylene
andpolypropyleneatsinteringtemperatureof
105°C.
Accordingto Figure5 above,the occurring
bindingmechanismisaformof solidstatesintering.
During sintering, each particle periodically
experiencedthesamedimensionalchanging.
Bindingmechanismofmultimaterial
According to Table 1, the particlesof
polypropyleneandpolyethylenehavea differentof
meltingpoint of 35°C.This possiblymakesa
binding mechanismwith solid state sintering.
Figure 6 showsa bindingmechanismbetween
polypropyleneand polyethyleneat sintering
temperatureof 105°C.
PoIypropylene Polyethylene Silica*)
Chemicalformula (C3H6)x (C211J)x 99%Si02
Density 0.85gr/cm3 0.93gr/cm3 2.65gr/cm3
Meltingpoint 173°C 138°C 18300C
TensilestrenJ;?;th 1200to11600psi 1400to3010psi 55MPa
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Figure6.Bindingmechanismofpolypropyleneand
polyethylene(dark)atsintering
temperatureof IOSoC.
Figure 6 showsthat the expansionof
dimensionof polyethyleneis fasterthanthatof
polypropylene.This is causedby themelting
pointof polyethyleneis lower thanthatof
polypropylene.
If two typesof particleswhichhavebig
differentof meltingpoint are sintered,the
bindingmechanismis asliquidphasesintering.
Figure7showsa bindingmechanismbetween
silicasandandpolyethylene. 2mm-
;:I II mill..iiIiiI
470s 660s 9130. 1140s....
1~4s 1700. 2188. 2350s
Figure7.Bindingmechanismbetweensilica(white)
andpolyethylene(dark)atsintering
temperatureof9SoC.
Polyethylenehasa meltingtemperatureof
130°C,this is lowerthanthatof silicasand.
From Figure 7, the viscous flow of
polyethyleneboundtwo silica sandparticles
aroundit.
2mm-
(b)
Figure8. Transportmechanismin liquidphasesintering
betweensilicasandandpolyethylene,a)initial
condition,b)fmalstage
Shrinkageprediction
AccordingtotheimagedatainFigures6,7and
8, shrinkagepredictionscouldproduceerrorsof
interpretations.Duringsintering,theparticleshape
wasnotin ballshapeandit wasgluedto thebase
plate,sothathediameterof image(projectionview)
wasgreaterthantheactualshape.
o $~J I
Figure9.Transformationfparticleshapeduringheating
processforparticlesizeofaround2mmandun-
polishingbaseplatesurface.a)Ballparticle
shapebeforeheatingprocess,b)halfball
particleshapeafterheatingprocess.
Using a smallparticleand improvementof
surfaceconditionof base plate are possibly
conductedto solvethisproblem.An observationof
particlesizeof 200 J.UTIandpolishingof surface
plate,theimagedatafromsinteringprocessat110°C
isshowedinFigure10:
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Figure10.Bindingmechanismofpolyethyleneand
polyethyleneatsinteringtemperatureof
I 100e
From the imagesdatain Figure 10,the
equivalentdiametercan be calculatedwith
projectedareamethod.Thecalculationresultsof
equivalentdiameterandshrinkagepredictionare
presentedinTable2.
Table2.Calculationsof equivalentdiameter
andshrinkagepredictionof polyethy-
leneonsinteringprocessat110°C.
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Figure11. Shrinkagepredictionduringsinteringof
polyethylenematerial at sintering
temperatureof 11oOe
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5.Conclusions
In liquidphasesintering,viscousflow of a
lowermeltingtemperatureparticleis asthedriving
bindingamongthe highermeltingtemperature
particles.
In thiscase,particlesizeandsurfacecondition
of the baseplateaffectthe resultof equivalent
diametercalculation.Shrinkagepredictionwith
imagecalculationofequivalentdiametermethodcan
be accuratelyconductedif the particlessizeand
surfaceconditionof thebaseplatearesmallenough
(200Jlm)andpolishedrespectively.
The final stageof polyethylenesinteringat
temperatureof 110°Candholdingtimeof 780s
yieldsshrinkageof20.47%.
Reference
Barsoum,M.W., 1997,Fundamentalsof Ceramics,
Is"McGraw-Hill,Singapore
Garino,TJ., Zschiesche,D.J.,and Howard,M.L.,
1995,ExperimentalStudiesTo SupportMulti -
Material Modeling, Sandia National
Laboratories.
German,R.M.,PowderMetallurgyScience,2ndE .,
1994,pp.245-246.
German,R.M., 1996.,SinteringTeoryandPractice,
JohnWiley& Sons,Inc.,NewYork,NY
Gurland,J., 1962,PowderMetallurgyintheNuclear
Age, F.Benesovsky,ed., Springer-Verlag,
Vienna,pp.507-08
Hambir,S.andJog, J.P., 2000,Sinteringof Ultra
High MolecularWeight Polyethylene,Bull.
Mater.Sci.,vol.23,No.3,pp.221-226.
Huppmann,W.J., Sinteringin the Presenceof a
Liquid Phase,Sinteringand Catalysis,G.C.
Kuczynski,Ed.,PlenumPress,pp359-378.
Lenel,F.V., 1980,PowderMetallurgyPrincipleand
Applications, Metal Powder Industries
Federation,pp211-267.
Liu, J andGerman,R.M., 1999,Densificationand
ShapeDistrosionin Liquid PhaseSintering,
MetallurgicalandMaterialsTransactions.,vol.
30A,pp.3211-3219.
Holding Projected Equivalent VolumeTime area diameler tNNo
(Minutes) (mm) (mm) (mm)
0 1853.23 48.59 480239.50 0.00
7 1804.77 47.95 461526.56 -3.90
8 1743.15 47.12 438092.72 -8.78
9 1614.00 45.34 390318.55 -18.72
10 1605.66 45.23 387297.13 -19.35
11 1600.50 45.15 385431.69 -19.74
12 1597.00 45.10 384168.08 -20.00
13 1590.74 45.02 381911.47 -20.47
BindingMechanismandShrinkagePrediction- Widyanto,eLaf. 67
Maximenko,A.L. and Olevsky,E.A., 2004,
EffectiveDiffusionCoefficientinSolidState
Sintering,Acta Materialia,52,pp. 2953-
2963.
Ondraecek,G., 1983,Sci. Sintering,vol. 15,
pp.91-99.
Reed,J.S.,Principleof CeramicsProcessing,1995,
JohnWilleyandSons.
Shimosaka,A., Veda, Y., Shirakawa,Y., and
Hidaka,J., 2003,SinteringMechanismof Two
Spheres Forming a HomogeneousSolid
SolubilityNeck,KONA, No.21,pp.219-233.
ISSN : 0216- 7565
